SUMMARY To assess the effects of exercise on left ventricular volumes we studied 10 normal men, 15 patients with coronary disease who developed angina pectoris during exercise, and 10 patients with known coronary disease who did not develop angina during exercise. Each subject performed supine bicycle exercise under a mobile, single-crystal scintillation camera until angina or fatigue occurred. Technetium-99m bound to human serum albumin was the imaging agent. Data were collected at rest and during the last 2 minutes of each 3-minute stage of exercise and for 10 minutes after exercise. Volumes were calculated by a new radionuclide technique that correlates well with cineangiography and is expressed in nondimensional units. In normal subjects, the end-diastolic volume (EDV) at rest was not different from that at peak exercise: 15.8 ± 6.1 (SD) vs 15.2 ± 7 (NS). The end-systolic volume (ESV) decreased from 5.6 ± 2.9 to 2.6 ± 1.6 at peak exercise (p < 0.01). ESV decreased progressively in all but two of 30 exercise periods. Angina patients had a larger EDV (p < 0.01) at rest and during chest pain (p < 0.01) than normals. Angina patients increased their ESV from 10.9 ± 6.7 to 14.2 ± 7.5 during chest pain (p < 0.001), resulting in a decreased ejection fraction (EF) (0.57 ± 0.15 to 0.45 ± 0.16, p < 0.001). All angina patients had a higher ESV during chest pain than during the exercise stage before chest pain. As a group, patients who did not develop angina had a lower EDV at rest and peak exercise than those who did develop angina: 14.8 vs 23.5 (p < 0.01) and 13.7 vs 23.5 (p < 0.01), respectively. The ESV went from 8.1 ± 4.1 at rest to 7.3 ± 5.3 at peak exercise, and the EF from 0.45 ± 0.12 to 0.50 ± 0.16 (all NS). We conclude: that the EF increases during exercise due to a decrease in ESV; that the EF in patients with angina decreases because of an increase in ESV; and that the EF in coronary disease patients without angina shows no change because there is no significant change in the ESV. Radionuclide equilibrium angiography may prove useful for assessing EF and volume changes in patients with coronary artery disease.
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RECENT DATA SUGGEST that assessment of left ventricular function during exercise may be a useful method of evaluating patients with coronary artery disease (CAD). [1] [2] [3] The response to exercise of left ventricular chamber size both in normal subjects and in patients with heart disease is of considerable physiologic interest. However, few reliable nontraumatic methods of assessing this response are available. Therefore, we compared the volumetric response to exercise in normals, patients with CAD who develop angina and patients with coronary disease who do not develop angina with exercise. To do this we used graded supine bicycle exercise and a newly described method4 for assessing left ventricular volume by radionuclide equilibrium angiography that does not require geometric assumptions of left ventricular shape. Subjects Group 1 consisted of 10 normal male volunteers who had no known illnesses and were taking no medications. These subjects ranged in age from 24 -43 years (mean 32 years). All of these subjects had normal resting and stress ECGs, as well as a normal clinical examination. None underwent contrast angiography.
Group 2 consisted of 15 patients who were studied in the cardiac catheterization laboratory before angiography. All had obstructive CAD (at least one stenotic lesion > 70% of the diameter in a major coronary artery) and all developed classic angina pectoris during supine bicycle exercise. Seven had onevessel; four had two-vessel and four had three-vessel CAD. Seven patients had contraction abnormalities at rest. Four had one or more resting hypokinetic areas and three had one or more akinetic areas. In six patients, propranolol was stopped at least 48 hours before exercise. Six patients were taking digoxin and diuretics. There were three women and 12 men, ranging in age from 36-72 years (mean 52 ± 14 years).
Group 3 consisted of 10 patients with known CAD who did not develop angina pectoris during supine exercise. They were attending a rehabilitation or research clinic for patients who had suffered a welldocumented myocardial infarction. Four patients were taking propranolol, which was discontinued at least 48 hours before the study. Five patients were taking digoxin and diuretics, and four patients had used nitroglycerin for rare angina in the past. Six patients had not had angina since suffering a myocardial infarction. All were men, ranging in age from 42-59 years (mean 51 ± 6 years). No patient in this group had undergone contrast ventriculography within 1 year of the radionuclide study. However all 10 had undergone contrast angiography previously (mean 2.1 ± 0.8 years before the study). Seven patients had threevessel CAD and three had two-vessel CAD at the time of the study. All patients had at least one akinetic segment by ventriculography (see table 1 for angiographic data from groups 2 and 3).
Methods
All subjects were studied in the nuclear medicine laboratory except those in group 2, who were studied in the cardiac catheterization laboratory immediately before contrast angiography. Each patient had an intravenous catheter placed in a forearm vein for the injection of 15-25 mCi 99mTc bound to human serum albumin. Studies were performed with the patient in the supine position under a mobile, single-crystal scintillation camera in the left anterior oblique position.
All patients in each group were studied within 10 minutes of injection to minimize count rate decay and yet allow mixing throughout the blood pool. Ten minutes of ECG gated scintillation camera data were collected at rest; additional data were collected in all subjects during the last 2 minutes of each subsequent 3-minute stage of progressively more strenuous supine bicycle exercise. After each 3-minute stage was completed, an additional workload was added until fatigue or pain resulted. Data were also collected for 10 minutes after exercise.
Thus, scintillation camera data were collected at the following times: 1) rest (5 minutes); 2) minutes 2 and 3 of exercise; 3) minutes 5 and 6 of exercise; 4) maximal exercise (2 minutes) or angina; 5) minutes 2 and 3 after exercise; 6) minutes 4 and 5 after exercise; and 7) minutes 9 and 10 after exercise Exercise was discontinued if the patient complained of angina, severe fatigue or if marked electrocardiographic abnormalities (ST depression > 3 mm) occurred. A modified V5 lead was used to monitor the ECG. The heart rate and blood pressure were also recorded at rest, at maximal exercise and during recovery. No patient had more than three ectopic beats/min at rest or peak exercise, and only one patient had more than one ectopic beat/min at rest or peak exercise.
Data were stored on videotape (in a digital format) in real-time and transferred to a dedicated computer (Medical Data Systems), and a multiple image program (MUGE) summed the information into one time-activity (volume) curve, which was divided into 20-28 equal time frames (depending on the heart rate) for analysis. The EF was then determined and enddiastolic and end-systolic volumes (EDVs and ESVs, respectively) were calculated, as previously described in detail.' Briefly, end-diastolic and end-systolic counts were determined from the "volume curve." These counts were divided by the total number of processed heart beats and then corrected for the administered dose and the time of each frame. The patients in this group exercised to various levels, but all, by design, were limited by angina. The EDV in group 2 patients was larger at rest than in the normal subjects (23.5 ± 8.8 vs 15.8 ± 6.1 units, p < 0.05), and was not significantly different from the EDV at angina (23.5 ± 9). The ESV in group 2 patients at angina increased by an average of 30% (14.2 ± 8.7 vs 10.9 ± 6.7 at rest, p < 0.001). Additionally, the ESV in all patients increased during the 2-minute exercise stage before angina compared with control values (13% increase, p < 0.01). The EF decreased from 0.57 ± 0.15 at rest to 0.45 ± 0.16 (p < 0.001) at angina; this decrease was due to the rise in ESV and the decrease in stroke volume. In table 4, the heart rate and blood pressure measurements are given at the respective exercise stages. Because duration of exercise varied, the stages preceding angina were not included. Table 5 shows the volume and EF changes in all angina patients. The ESV was greater at angina than Few studies have been designed to assess the change in left ventricular volume in response to ischemia. Sharma et al. reported an increase in both EDV and ESV with a decrease in EF during angina with contrast ventriculography.2 His results for normals and patients without angina are similar to ours. He found an increase in EDV with angina, which may be due in small part to the volume load of two contrast injections and the added depressant effect of the dye. Jones et al. also describe a large increase in both EDV and ESV in patients who develop angina pectoris.'4 They show much more impressive changes in patients with more severe coronary disease. Their patients exercised erect, which might explain why their volume response results differed from ours, which were obtained during supine exercise. Additionally, our angina patients tended to have fewer coronary lesions (with respect to All volumes are given in nondimensional radionucide units (see text). Abbreviations: PTA = exercise stage preceding anginal exercise stage; A = exercise stage during which angina occurred; PEx 2/3 = minutes 2 and 3 after exercise; PEx /45 = minutes 4 and 5 after exercise; PEx 9/10 = minutes 9 and 10 after exercise.
absolute number of lesions) than did either Sharma's or Jones's patients. The method used in our study was count-dependent and uncorrected for radiotracer decay. Thus, we might underestimate volumes with longer studies. Variable individual count attenuation and error estimates between the radionuclide and angiographic methods might also enhance the differences between our study and those of the previously mentioned investigators. Borer and his co-workers have suggested that gated equilibrium radionuclide In this group of patients with infarcts and akinetic segments there may be perfusion of fibrotic zones of myocardium rather than reversibly ischemic muscle. Thus, exercise-induced perfusion deficits might have little direct effect on fibrotic zones, but may depress more normal muscle. However, we cannot ascertain this from our data.
In conclusion, the response of left ventricular volume to supine bicycle exercise shows significant variation between normal subjects and patients with various manifestations of ischemic heart disease. This method may be useful in determining the origin of atypical forms of chest pain and the response of the ischemic myocardium to various interventions. Abbreviations: MEx = maximal exercise; PEx 2/3 = minutes 2 and 3 after exercise; PEx 4/5 = minutes 4 and 5 after exercise; PEx 9/10 = minutes 9 and 10 after exercise. REST ANGINA 2/3 5/6 9/10 REST M Ex 2/3 5/6 9/10 vJ REST M Ex 2/3 5/6 9/10 REST ANGINA 2/3 5/6 9/1 0 REST M Ex 2/3 5/6 9/1 0 P Ex P Ex P Ex P Ex P Ex P Ex P Ex P Ex P Ex FIGURE 2. Ejection fraction, end-diastolic volume and end-systolic volumeare plottedforall threegroups. Volumes are expressed in nondimensional units. M Ex = point of maximal exercise; Angina = the point at which angina developed; 2/3 P Ex = minutes 2 and 3 after exercise; 5/6 P Ex = minutes 5 and 6 after exercise; 9/10 P Ex = minutes 9 and 10 after exercise; CAD = coronary artery disease. Angina was accompanied by new ST-segment depression > 0.1 m V. 
